Neural development is not just a linear expansion of the brain. Instead, the structure and function of developing brain circuits undergo drastic alterations that have a direct impact on the animals' expanding behavioural repertoire. Here we investigated the developmental changes in the habenula, a brain region that mediates behavioural flexibility during learning, social interactions and aversive experiences. We showed that developing habenular circuits exhibit multiple alterations, which increase the structural and functional diversity of cell types, inputs and functional modules within habenula. As the neural architecture of habenula develops, it sequentially transforms into a multi-sensory brain region that can process visual and olfactory information. Moreover, we also observed that already at early developmental stages, the habenula exhibits spatio-temporally structured spontaneous neural activity that shows prominent alterations and refinement with age. Interestingly, these alterations in spontaneous activity are accompanied by sequential neurogenesis and integration of distinct neural clusters across development. Finally, by combining an in vivo neuronal birthdating method with functional imaging, we revealed that clusters of habenular neurons with distinct functional properties are born sequentially at distinct developmental time windows. Our results highlight a strong link between the function of habenular neurons and their precise birthdate during development, which supports the idea that sequential neurogenesis leads to an expansion of neural clusters that correspond to distinct functional modules in the brain.
INTRODUCTION
During development and maturation, the functional capacity of brain circuits increases in order to support the animals' expanding behavioural repertoire. For example, while a young zebrafish larvae mostly needs to avoid threats (Burgess and Granato, 2007; Heap et al., 2018; Temizer et al., 2015) and find food (Lindsay and Vogt, 2004) , more cognitively demanding behaviours such as associative learning (Valente et al., 2012) or social interactions (Dreosti et al., 2015; Hinz and de Polavieja, 2017) emerge later in development during the juvenile stage around 3-4 weeks. Such expansion of the behavioural repertoire is a feature that is conserved across vertebrates (Anderson, 1984; Brenowitz and Beecher, 2005) , and often accompanied with the development, establishment and maturation of distinct circuit components generating functional modules within the brain (Bjerknes et al., 2018; Donato et al., 2017; Tottenham and Gabard-Durnam, 2017) . Hence, brain development and maturation is not just a linear expansion of the existing building blocks, but also a sequential increase in the diversity of functional modules and cell types. In the cortex for example, individual layers are born at different time points, with deep layers being born earlier than superficial layers (Angevine and Sidman, 1961; Lein et al., 2017; Luskin and Shatz, 1985) , creating a diversity in the cytoarchitecture of cortical layers, cell types and regions with distinct functions (Donato et al., 2017; Jabaudon, 2017; Sur and Leamey, 2001) . The maturation and refinement of the developing brain relies on neural activity, which can be evoked by sensory inputs (Penn and Shatz, 1999; Wiesel and Hubel, 1965) , or spontaneously generated (Galli and Maffei, 1988; Moreno-Juan et al., 2017; O'Donovan, 1989; Penn and Shatz, 1999; Yuste, 1997) . In most sensory systems, sensory evoked activity was shown to be critical for the maturation of neural circuits and the refinement of topographical maps (Katz and Shatz, 1996; Webster and Webster, 1977; White et al., 2001; Wiesel and Hubel, 1965; Zou et al., 2004) . The appearance of spontaneous activity of the developing brain starts early, and coincides with periods of intense synaptogenesis and neuronal growth (Ben-Ari, 2001; Galli and Maffei, 1988; Maffei and Galli-Resta, 1990) . For example, spontaneous activity bursts were observed in the visual, auditory and somatosensory systems (Elstrott et al., 2008; Feller, 1999) , and are shown to be important for the remodelling of these structures (Katz and Shatz, 1996; Moreno-Juan et al., 2017; Xu et al., 2011) . In higher brain regions, such as the hippocampus, large and slow bursts are observed (Leinekugel et al., 1998; Rudy et al., 1987) before the appearance of faster rhythms and the patterned activity of the adult hippocampus associated with learning and memory (Altman et al., 1973; Rudy et al., 1987) . Moreover, spontaneous activity is also important for the maturation of connections across distant brain regions, as observed between the olfactory bulb and the entorhinal cortex (Gretenkord et al., 2019) . Finally, the synchronous bursting during spontaneous activity is shown to be mediated via excitatory connections (Meister et al., 1991; O'Donovan et al., 1998) , gap junctions (Yuste et al., 1992) , glia (Zhang et al., 2019) or other support cells (Babola et al., 2018) , and plays an important role in establishing neural connectivity (Kerschensteiner, 2014; Yu et al., 2012) . Taken together, both sensorydriven and spontaneous neural activity are essential in the development and maturation of neural circuits. It is however less clear how sensory and spontaneous activity dependent processes interact, and shape each other as the animals develops. While the majority of studies have focused on studying activity-dependent processes in the development of sensory systems, less is known about the maturation of higher brain areas integrating information from multiple brain regions, such as the habenula. The habenula is a particularly interesting brain region, as it was shown to integrate both sensory Miyasaka et al., 2009; Zhang et al., 2017) and cortico-limbic inputs (Herkenham and Nauta, 1977; Hong et al., 2011; Lazaridis et al., 2019; Matsumoto and Hikosaka, 2007; Meye et al., 2016; Okamoto et al., 2012; Stamatakis et al., 2013; Turner et al., 2016; Warden et al., 2012) while directly regulating the function of monoaminergic brain nuclei controlling behaviour (Duboue et al., 2017; Flanigan et al., 2017; Hikosaka, 2010; Krishnan et al., 2014; Lin and Jesuthasan, 2017; Matsumoto and Hikosaka, 2007; Zhang et al., 2017) . Dysfunction of the habenula is also shown to be associated with several neurological conditions and mood disorders including depression (Huang et al., 2019; Yang et al., 2018) . The habenula is composed of several subdomains or modules based on its neurochemical profiles deCarvalho et al., 2014; Pandey et al., 2018; Ren et al., 2011; Seigneur et al., 2018; Viswanath et al., 2013) , anatomical projections (Agetsuma et al., 2010; Amo et al., 2010; Amo et al., 2014; Lee et al., 2010) , and the activity of habenular neurons (Amo et al., 2014; Dreosti et al., 2014; Jetti et al., 2014) . Two major subnuclei, the lateral and medial habenula in mammals, respectively dorsal habenula (dHb) and ventral habenula (vHb) in zebrafish, have clear differences in their functional and molecular profiles (Amo et al., 2014; Lee et al., 2010) . While the dHb is involved in sensory processing Zhang et al., 2017) , circadian rhythms , aggression (Chou et al., 2016) and experience dependent fear response (Agetsuma et al., 2010; Duboue et al., 2017; Lee et al., 2010) , the vHb was shown to play a role in avoidance learning (Amo et al., 2014) and active coping behaviour (Andalman et al., 2019) . In zebrafish, dHb and vHb originate from separate neural progenitor pools, and were suggested to maturate at distinct developmental time points (Beretta et al., 2013) . Moreover, the dHb was shown to undergo asymmetric neurogenesis during the early stages of development, with left dHb neurons being born earlier than the ones in the right hemisphere (Aizawa et al., 2007) . The prominent asymmetry in the molecular (deCarvalho et al., 2014) and anatomical properties of habenula (Ahumada-Galleguillos et al., 2017; Bianco et al., 2008) , is also reflected in its asymmetric encoding of visual and olfactory information in the left and the right dHb hemispheres respectively (Dreosti et al., 2014; Jetti et al., 2014; Miyasaka et al., 2009) . A recent transcriptome analysis further revealed multiple molecularly distinct and spatially organized functional modules within the zebrafish habenula (Pandey et al., 2018) , which resemble the functional clusters of habenular neurons that are spontaneously active (Jetti et al., 2014) . All these evidences, further suggests a fine spatial organization of distinct functional modules within habenula (Jetti et al., 2014) . In addition, spontaneous habenular activity was shown to govern sensory responses and therefore proposed to represent internal states of the network, which could mediate the selection of appropriate behaviours (Jetti et al., 2014) . In fact, a recent study revealed a sequential recruitment of neurons generating an increase in vHb activity, during the switch from active to passive coping behaviours in juvenile zebrafish (Andalman et al., 2019) . Interestingly, such complex behaviours emerge at later stages of zebrafish development (Dreosti et al., 2015; Hinz and de Polavieja, 2017; Valente et al., 2012; Yashina et al., 2019) , suggesting pronounced changes in the underlying circuitry across the brain. Despite extensive characterization of habenular circuitry during very early developmental stages (Aizawa et al., 2007; Bianco et al., 2008; deCarvalho et al., 2014) , it is still unclear how the maturation of habenular networks and the establishment of its distinct functional modules corresponds to the observed expansion of animals behavioural repertoire during development.
In the present study, we investigated how the function and the architecture of habenular networks changes across development, and how these alterations relate to the formation of distinct functional modules within habenula. We observed that as the habenula expands, the number of neurons increases, inhibitory connections are formed and sensory inputs are integrated with a temporal order. We showed that visual responses are more prominent early on, but olfactory responses quickly catch up, while both sensory modalities are distinctly encoded in habenula at all developmental stages. Spontaneous habenular activity is present even at early developmental stages and it is strongly predictive of the sensory responses 3 in habenula. Interestingly, we observed a prominent restructuring of both spatial and temporal features of spontaneous habenular activity during development. These changes in the habenula were accompanied by a sequential and spatially organized addition of newly born neurons across development. Finally, we developed an in vivo birthdating method and directly showed that habenular neurons born at a distinct developmental stage, exhibit highly correlated spontaneous activity with similar functional features. Taken together, these results revealed that distinct functional clusters of habenular neurons are born at different developmental stages. Our observations support the idea that neuronal birthdate and function are strongly related. We propose that this functional refinement of the habenular circuits underlies the transition of a developing zebrafish larvae into a mature animal with increased cognitive capacity.
RESULTS

New neurons and new inhibitory connections are added to habenula during development
To study the functional development of zebrafish habenula, we focused on three developmental stages: 3dpf (early larval stage), 6dpf (late larval stage) and 21dpf (juvenile stage). During these periods, zebrafish transition from self-feeding larvae (via the yolk sac) to an external feeding juvenile animal with more complex behaviours including those involving habenular circuits (Agetsuma et al., 2010; Amo et al., 2014; Andalman et al., 2019; Dreosti et al., 2015; Hinz and de Polavieja, 2017; Valente et al., 2012) . First, we visualized the gross morphology of Hb in Tg(elavl3:GCaMP6s) (Vladimirov et al., 2014) zebrafish, labelling most habenular neurons. We observed that the number of habenular neurons increases drastically from 3 to 21 days of zebrafish development ( Figure 1A-B ). Next we investigated the expression of glutamate and GABA by using Tg(vglut2a:dsRed) (Miyasaka et al., 2009 ) and Tg(gad1b:GFP) (Satou et al., 2013) zebrafish. We found that at 3 days, habenula mainly consists of glutamatergic neurons, and as the animal get older few GABAergic neurons are added ( Figure  1C ). Interestingly, from 6dpf on we also observed prominent bilateral GABAergic projections that innervate specific domains at the lateral sides of habenula ( Figure 1C ). These results suggest that habenula undergoes a non-linear expansion with the addition of new cell types and inputs arriving at different time points throughout development. This could potentially lead to the formation of new functional modules within habenula.
Sensory inputs and computations in habenula follow a developmental order
Previous studies showed that habenula receives olfactory (Miyasaka et al., 2009 ) and visual Zhang et al., 2017) inputs and responds to both of these sensory modalities (Dreosti et al., 2014; Jetti et al., 2014; Krishnan et al., 2014) . To investigate how these sensory inputs maturate during habenula development, we visualized the mitral cell and thalamic axon terminals in habenula using Tg(lhx2a:gap-YFP) (Miyasaka et al., 2009) and Et(-0.6hsp70l:Gal4-VP16) s1020t ; Tg(UAS:nfsB-mCherry) (Agetsuma et al., 2010; Mohamed et al., 2017; Scott and Baier, 2009) zebrafish lines, respectively. At all ages, thalamic projections were found to innervate habenula ( Figure  2A , blue) in distinct locations that are different from GABAergic innervations (Figure 2A, white ). Yet, the density of olfactory bulb projections increased with age (Figure 2A , red). These findings suggest that habenula neurons are predominantly light responsive at younger ages, while odour responses develop later. In order to test this hypothesis, we measured odour (food odour) and light (red light flash) responses in the habenula with two-photon calcium imaging using Tg(elavl3:GCaMP6s) (Vladimirov et al., 2014) zebrafish. At 3 days we found that a significantly higher portion of habenular neurons is responsive to the visual stimulus compared to odour stimulus ( Figure 2B -C). As the animals develop, the ratio of odour and light responding neurons became similar, suggesting a shift from a predominantly visual to a multi-sensory processing habenula at older ages. It is also worth noting that both visual and olfactory responses display faster decays in the older animals ( Figure 2B, Supplementary figure 1A ), which might be due to the increased inhibition at the older stages ( Figure 1C ). Next, we investigated how visual and olfactory information are encoded in the activity of habenular neurons. We found that already at younger ages distinct populations of habenular neurons preferentially responded to either olfactory or visual stimuli ( Figure 2D ). More specifically, the correlations between the olfactory and visual responses remained low at all developmental stages ( Figure 2D , inserts), suggesting that the habenular neurons are selective for different sensory modalities from early on and persists across development. These results highlight the importance of olfactory and visual information for the functioning of habenular networks and related behaviours already at the early stages of habenula development.
Functional lateralization of sensory responses is a feature of dorsal habenula, but not prominent in ventral habenula that develops later
Earlier studies revealed a strong molecular deCarvalho et al., 2014; Lee et al., 2010; Viswanath et al., 2013) habenular networks especially in the dHb of larval zebrafish. Interestingly, there is no evidence for such lateralization in the rodent habenula, which is mostly studied during adult stages. This made us question whether the ontogeny of functional lateralization in habenula might resemble the phylogeny of the vertebrate habenula, where asymmetric distributions of neural populations appear first and symmetric distributions develop later. To test this hypothesis we investigated the lateralization of visual and olfactory responses in habenular neurons across development ( Figure 3 ). We observed that the dorsal sections of habenula, which likely covers mostly the dHb, showed lateralized sensory responses at all ages (Figure 6 3A). We quantified this functional lateralization by measuring the ratio of sensory responding neurons across hemispheres (Dreosti et al., 2014) and by using a lateralization index, where 0 represent full symmetry and 1 represent a complete segregation of sensory responses across habenular hemispheres. We observed that dHb exhibit high functional lateralization ( Figure 3B -D). This contrasts to the symmetric sensory responses in the ventral sections of habenula, with low lateralization index across development ( Figure 3B-D) . We also observed a decrease in sensory responding neurons in the ventral sections of habenula especially at 21 dpf (supplementary Figure  1B) . Despite the reduced functional lateralization, we observed a prominent spatial organization of sensory responses within habenular hemispheres. We quantified this spatial organization by using the measure of focality index, ranging from 0 (for random spatial distribution of sensory responses) to 1 (for maximally focal sensory responses) (Yaksi et al., 2007) . At all ages we observed that the focality index for sensory responding neurons was non-random and significantly higher than non-responding neurons ( Figure 3E ). These results indicate that while sensory responses are spatially organized from the early larval stages, the lateralization of sensory computations are mainly a feature of dHb (Dreosti et al., 2014 ) that develops earlier. Instead, vHb, which develops later during development, exhibits fewer sensory responses and decreased lateralization.
Spatially organized functional clusters of habenular neurons exhibit spontaneous activity and are recruited during sensory stimulation at all ages
In juvenile zebrafish, spatially organized functional clusters of habenular neurons exhibit synchronous bursts of spontaneous activity, which is present even in the absence of sensory inputs (Jetti et al., 2014) . It is however less clear if such spontaneous activity is also present in younger zebrafish larvae, and to what extent this endogenously generated activity relates to the maturation of habenular neurons. To study such processes, we recorded the ongoing activity in habenula in the absence of external stimuli at different developmental stages described above. We observed that spontaneous activity is present from 3dpf and functional clusters of habenular neurons exhibit correlated activity ( Figure 4A ). Next, we investigate the stability of these functional clusters during different time windows, using k-means clustering. We showed that at all developmental stages, a large portion of habenular neurons that belong to a functional cluster remain in their respective cluster with a significantly higher probability compared to chance levels ( Figure  4B ). To investigate the synchrony between the habenular neurons further, we next computed the ratio of significantly positive and negative correlated pairs of habenular neurons. We observed that as the animals develops, more pairs of neurons displayed significant and robust positive correlations ( Figure  4C ). However, we did not observe such a change for significant negative correlations between habenular neurons ( Figure 4D ). Next, we investigated the spatial organization of synchronous habenular activity by plotting the average pairwise correlation of neurons versus the distance between them. We observed that while at all developmental stages nearby habenular neurons have more correlated spontaneous activity, the nearby habenular neurons exhibit significantly stronger correlations during older developmental stages ( Figure 4E ). Such increase in the ratio ( Figure  4C ) and strength ( Figure 4E ) of positive correlations, is likely due to maturation of synaptic connections between habenular neurons as well as synaptic inputs to habenula. What is the function of spontaneous activity in habenula at early developmental stages? In the visual system for example, spontaneous activity waves are important for establishing the prior patterning of eyespecific connections before the onset of sensory input (Penn and Shatz, 1999) . To investigate this possibility, we investigated whether spontaneous habenular activity is related to sensory responses in habenula, and if those neurons with correlated spontaneous activity also respond to sensory stimulation similarly. We showed that already at the early developmental stages, odour and light responsive habenular neurons exhibit distinct patterns of spontaneous activity and largely overlap with the distinct functional clusters within habenula. (Figure 4F -G). We observed that the relationship between the spontaneous and sensory evoked activity of habenular neurons remains stable across development, highlighting the importance of spontaneous activity in predicting the sensory response characteristics of habenular neurons.
Temporal features of spontaneous habenular activity change during development as new neurons are sequentially arranged into distinct spatial domains
Our results revealed that the spontaneous activity is a feature of habenula already at early developmental stages. In several brain regions spontaneous activity during early development is generally characterized as large bursts with long quiescent intervals (Elstrott et al., 2008; Feller, 1999; Leinekugel et al., 1998) , whereas adult brains usually exhibit rhythmic activity at faster frequencies (Buzsaki and Draguhn, 2004; Leinekugel et al., 1998) . To test whether the temporal features of habenular activity are changing over development, we detected the spontaneous activity bursts (Romano et al., 2017) ( Figure 5A ) and quantified the frequency and duration of these events. We observed that as the animals develop, the frequency of spontaneous activity bursts significantly increases ( Figure 5B ) and their duration decreases ( Figure 5C ). Moreover, while the average activity of each habenular neuron decreases ( Figure 5D ), a larger proportion of habenular neurons exhibits spontaneous activity( Figure 5E ) at later developmental stages. These results are in line with the developmental changes observed in other vertebrate brain regions and highlight the maturation of habenular spontaneous activity across development.
Since the older zebrafish habenula exhibits shorter bursts of spontaneous activity with higher frequencies, we asked whether such temporal features of spontaneous activity can also be predictive for the age of habenular neurons. We hypothesized that those habenular neurons with high frequency and short duration burst, might represent the most mature neurons that are born at early development. Whereas neurons with slow and low frequency bursts of activity might represent younger neurons that are born only at later developmental stages. We found that the habenular neurons with distinct temporal features of spontaneous activity were spatially organized at all developmental stages ( Figure 5F ). This spatial distribution was quantified by using the measure of focality index, ranging from 0 (for random spatial distribution) to 1 (for an extremely focal point) (Yaksi et al., 2007) . At all developmental stages the temporal features of habenular spontaneous activity bursts, frequency and duration, were highly focal and not randomly distributed ( Figure 5F , mean focality values). Interestingly we also observed that the silent habenular neurons (black dots in Figure 5F ), were located closer to the medial wall of habenula ( Figure  5F Figure  5H ). These results suggest that the changing temporal and spatial features of spontaneous habenular activity can indeed be related to the developmental time point, when the individual habenular neurons are born. To investigate the relationship between the birthdate of habenular neurons and their spatial distribution, we labelled habenular neurons born during different developmental stages using BrdU incorporation ( Figure 5I ). BrdU birthdating showed that the habenular neurons that are born during distinct developmental stages were spatially clustered ( Figure 5J) . Moreover, we observed that the birthdate of habenular neurons is a good indicator for their spatial location, where oldest neurons (born early in development) occupied the most lateral wall of habenula, and youngest neurons (born late in development) were closest to the medial wall ( Figure 5K ). Altogether, our results revealed that the developmental changes in the temporal features of spontaneous habenular activity are spatially organized, and these features could be related to the specific birthdate of habenular neurons at different developmental stages.
Habenular neurons born at a distinct developmental stage, form a distinct functional cluster with correlated spontaneous activity and similar functional features Our results above suggested a direct relationship between the birthdate of habenular neurons and their spatial location and functional properties. Based on these results, we hypothesized that the habenular neurons that are born together would also form distinct functional clusters in habenula, with strongly synchronized spontaneous activity. In order to test this, we adopted a previously described method to label cohorts of mammalian cortical neurons born at distinct developmental stages in living animals (Govindan et al., 2018) . To label neurons that are born at an early developmental stage, we injected a fluorescent far-red cell tracer in the telencephalic ventricle of 2,5dpf zebrafish larvae (Olstad et al., 2019) , near the neural progenitor zone on the medial wall of habenula ( Figure 6A ). 12 hrs post injection, only the cells near the medial wall of habenula, were labelled with the cell tracer ( Figure 6B ). We raised these cell tracer injected zebrafish larvae until 21 dpf, and visualized the spatial location of these birthdated neurons in living juvenile zebrafish. In line with our BrdU labelling ( Figure 5I,J) , we observed that these neurons born at 2,5-3 days were mostly located near the lateral wall of habenula (Supplementary figure  2) . Next, we record the spontaneous activity of all juvenile zebrafish habenular neurons expressing GCaMP6s in green spectrum, while identifying their birthdate in far-red spectrum ( Figure 6C ). We observed striking differences in the functional features of the spontaneous activity between early born (tagged) and late born (untagged) habenular neurons. Significantly larger portion of early born habenular neurons exhibited stronger spontaneous activity( Figure 6D -E) with higher frequency and duration ( Figure 6F-G) . Moreover, early born habenular neurons also exhibit significantly stronger pairwise correlation, when compared to the rest of habenular neurons ( Figure  6H) . These results supported the idea that distinct functional clusters of habenular neurons are born at different developmental stages. To directly test this, we asked whether the developmentally tagged neurons are also related to the spatially organized functional clusters within habenula (Jetti et al., 2014) (Figure 4A-D) . To this end, we clustered the spontaneous habenular activity using k-means clustering ( Figure 6I-K) and calculated the overlap between developmentally tagged neurons and functional clusters, using a 'cluster selectivity' index ( Figure 6L ). If all developmentally tagged neurons are in only one functional cluster, "clusters selectivity" would result in 1, a random distribution into all clusters would result in 0. We observed that the developmentally tagged cells overlap with significantly fewer clusters compared to the untagged group ( Figure 6I-L) . These results show for the first time that distinct functional clusters of spatially organized habenular neurons are born at a distinct developmental stage, and exhibit similar features of spontaneous activity. Accumulating evidence suggest that the distinct functional clusters of habenular neurons mediate distinct behaviours (Agetsuma et al., 2010; Amo et al., 2014; Andalman et al., 2019; Chou et al., 2016; Duboue et al., 2017; Lee et al., 2010) . Sequential addition of new functional clusters with new properties across development could therefore explain the expansion of zebrafish behavioural repertoire across development (Dreosti et al., 2015; Valente et al., 2012) .
DISCUSSION
In this study we investigated the functional development of habenular circuits across multiple developmental stages of zebrafish from relatively simpler larvae to juvenile zebrafish with complex behaviours (Amo et al., 2014; Andalman et al., 2019; Chou et al., 2016; Dreosti et al., 2015; Hinz and de Polavieja, 2017; Ksenia Yashina, 2019; Valente et al., 2012) . The use of juvenile zebrafish is getting increasingly popular due to their transparent brains and expanded behavioural repertoire that requires habenular function (Andalman et al., 2019; Dreosti et al., 2015; Hinz and de Polavieja, 2017; Valente et al., 2012; Yashina et al., 2019) . Our results revealed that as the zebrafish develop from larval to juvenile stage, habenular circuits undergo multiple transitions in its architecture, sensory computations and intrinsically generated spontaneous activity, which could support the expansion of the behavioural repertoire in developing zebrafish. Previous studies indicated the presence of olfactory (Dreosti et al., 2014; Jetti et al., 2014; Krishnan et al., 2014) and visual Dreosti et al., 2014; Zhang et al., 2017) responses in habenula, which were suggested to be involved in generating odour avoidance (Krishnan et al., 2014 ), light preference (Zhang et al., 2017 and circadian behaviours . While these critical sensoryevoked behaviours are present already in larval zebrafish, the nature of sensory computations and how such computations maturate across development have not been investigated. Our results revealed that at early developmental stages habenula is mostly innervated by the visual inputs, hence responding to visual stimuli. However, as the olfactory inputs and responses become prominent across development, habenula transitions into a multi-sensory processing brain region, which can integrate both visual and olfactory stimuli. Interestingly, already from the early developmental stages, we observe that visual and olfactory information are distinctly encoded by the activation of separate neural populations located in different habenular hemispheres. Such distinct encoding of different sensory modalities at all developmental stages, highlights the important role of habenula in olfactory and visually-driven behaviours Dreosti et al., 2014; Jetti et al., 2014; Krishnan et al., 2014; Zhang et al., 2017) . As in other lower vertebrates (Concha and Wilson, 2001) , zebrafish dorsal habenula exhibits prominent molecular deCarvalho et al., 2014; Pandey et al., 2018; Viswanath et al., 2013) and structural asymmetries (Bianco et al., 2008) . Not surprisingly, habenular lateralization has important consequences with respect to the segregation of different sensory modalities across habenular hemispheres and for regulating the targeting of habenular axons to different output regions (Amo et al., 2014; Bianco et al., 2008; Duboue et al., 2017) . We observed that the functional lateralization of sensory inputs and computations in habenula is prominent mostly in the dHb, which develops early during development (Aizawa et al., 2007) . Whereas vHb, which was suggested to develop later Beretta et al., 2013) , exhibits no such functional lateralization, despite the prominent sensory evoked responses. This developmental order eventually leads to a decrease in functional lateralization across the entire habenula as the animals maturate. Interestingly, like in sensory systems (Moorman et al., 1999; Webster and Webster, 1977; Wiesel and Hubel, 1965) , maturation of zebrafish habenula requires the early presence of sensory inputs (Dreosti et al., 2014) . When these inputs are removed before a critical time window, zebrafish dHb loses it functional lateralization (Dreosti et al., 2014) . Our observations are also in line with the lack of evidence for the functional lateralization in the mammalian habenula, where most studies focus on the lateral habenula (Huang et al., 2019) . Hence, the ontogeny of zebrafish habenular function might follow the phylogeny of vertebrate habenula evolution. We argue that the apparent lack of lateralization in mammalian habenula is due to continued maturation of lateral habenula and reduced availability of sensory information during mammalian in utero development . Activity-dependent maturation of neural circuits, do not solely rely on sensory inputs but also include endogenously generated spontaneous activity (Penn and Shatz, 1999) . In several brain regions spontaneously generated activity is thought to play important roles in the maturation of synaptic connections, refining network topography (Katz and Shatz, 1996; Moreno-Juan et al., 2017; Xu et al., 2011) and entraining developing circuits (Clause et al., 2014; Gretenkord et al., 2019; Huberman et al., 2006) . In our study, we observed that habenular networks exhibit spatially organized spontaneous activity already at early developmental stages. In fact, a recent transcriptomics study revealed a topographic organization of habenular neurons based on their distinct molecular features already at 10 days old zebrafish larvae (Pandey et al., 2018) , which likely overlap with the topographically organized spontaneous activity we observed here. Interestingly we also observed that temporal features of habenular spontaneous activity changed, leading to faster kinetics at older ages. The trend for faster kinetics of intrinsically generated activity across development was also observed in other higher brain regions, such as the hippocampus (Buzsaki and Draguhn, 2004; Leinekugel et al., 1998) . What may underlie the faster kinetics of spontaneous activity bursts in older ages ? It is likely that multiple processes can modulate spontaneous habenular activity leading to the observed dynamical changes during development. One possibility is that early spontaneous activity might be driven by glia (Zhang et al., 2019) or other support cells (Babola et al., 2018) , which usually generate slow bursts of activity. In fact, it was previously shown that astrocytes can modulate the bursting activity in the rodent habenula (Cui et al., 2018) and astroglia activation in zebrafish can excite nearby neurons (Verdugo et al., 2019) . Alternatively, it is possible that as the habenula develops, synaptic connections between habenular neurons become more mature. Together with the increased inhibition we observed in the habenula, by the addition of GABAergic connections, such mature synapses can support faster neural dynamics. Finally, it is likely that part of the habenular spontaneous activity is driven by the activation of the ancestral cortico-limbic homologs in zebrafish forebrain. For example, it was shown that habenula is strongly driven by inputs received from entopeduncular nucleus (Herkenham and Nauta, 1977; Hong and Hikosaka, 2008; Turner et al., 2016) lateral hypothalamus (Lazaridis et al., 2019) and cortex (Warden et al., 2012) . Hence it is likely that the homologues of these input regions are not yet fully developed and cannot drive habenular activity in young zebrafish larvae. A recent study showed that the neurons in the zebrafish equivalent of amygdala (Dm), which drives both entopeduncular nucleus and lateral hypothalamus (Lal et al., 2018) , also develop during late juvenile stage. Taken together, it is very likely that all these processes jointly contribute to the habenular spontaneous activity. How each of these above mentioned factors differentially affect the spontaneous activity and maturation of habenular circuits is yet to be investigated in future studies. Our results revealed that the developmental changes in the temporal kinetics of habenular spontaneous activity is accompanied by a sequential addition of new born neurons across development. More specifically, we found that the spatially confined locations of neuronal clusters that are born during distinct developmental stages, follow a mediolateral arrangement. In this arrangement youngest neurons are located closer to the neural progenitors of the habenula on the medial wall, while the oldest habenular neurons are located closer to lateral wall. Similar sequential stacking of newly born neurons was also observed during forebrain development in both zebrafish (Furlan et al., 2017) and in the cortex of rodents (Angevine and Sidman, 1961; Lein et al., 2017; Luskin and Shatz, 1985) . Moreover, such sequential order of neurogenesis contributes to different neural subtypes in the rodent entorhinal cortex (Donato et al., 2017) . Hence it is possible that recently described populations of habenular neurons with distinct molecular identities (Pandey et al., 2018) might be born during different developmental stages of the zebrafish habenula. Topographically organized molecular (Pandey et al., 2018) and functional clusters (Andalman et al., 2019; Jetti et al., 2014; Pandey et al., 2018) of habenular neurons represent distinct subdomains or functional modules within habenula, and are most likely associated with different aspects of animal behaviour. Our data revealed that some of the functional clusters within habenula are born at a distinct developmental stage, stay together in a spatially confined location and exhibit highly synchronized spontaneous activity. We therefore propose that distinct functional clusters of habenular neurons with specific features of activity are preferentially born at different developmental time points. In turn, such a developmental order would contribute to an increased diversity of habenular neurons across development. Several recent studies suggest that complex and cognitively demanding behaviours arise later in development as animals maturate (Amo et al., 2014; Andalman et al., 2019; Valente et al., 2012; Yashina et al., 2019) . Our findings in habenula suggest that such expansion of animal behaviour might be due to incorporation of new functional modules at different developmental time points. In the future, it will be interesting to see whether such sequential addition of new functional modules with distinct roles in regulating animal behaviour is a feature that is not only unique to habenula but is preserved across the brain.
were dissected out in cold 1x PBS, and were incubated in pre-cooled acetone for 10 mins at -20˚C. Brains were incubated in preheated 2mM HCl at 37 °C for 12 minutes, were cooled at room temperature for 10 min, and washed with 0.8% PBSTx. Samples were incubated in Rat anti-BrdU IgG (1:200 Bio-Rad, Cat# MCA2060) monoclonal antibody overnight at +4 °C. After serial washes in 0.8% PBSTx, the secondary antibody (Goat anti-rat Alexa 555, 1:500 dilution, ThermoFishcher, Cat#A-21434) and DAPI at 1:3000 dilution were applied. Following an overnight incubation at +4 °C, samples were washed for a total of 2 hours with 0.8% PBSTx. For preservation, samples were transferred to 80% Glycerol in 1X PBS and were kept at +4 °C in the dark. For imaging, labelled brains were mounted in 80% glycerol on a glass slide with cover slip. Anatomical Z-scans of habenula were acquired using a Zeiss Examiner Z1 confocal microscope with a 20x plan NA 0.8 objective, using 4-10x average for each plane.
In vivo two-photon calcium imaging and sensory stimulation Two-photon calcium imaging was performed on 3dpf, 6dpf, and 21dpf old Tg(elavl3:GCaMP6s) zebrafish. Prior to embedding, fish were anaesthetized with cold AFW. Animals were then embedded in 1% (for 3-6dpf) and 2% (for 21dpf) low-melting-point agarose (LMP, Fisher Scientific) in a recording chamber (Fluorodish, World Precision Instruments). Low-melting-point agarose solidified for 20min, and the section covering the nose was carefully removed to expose the nostrils. The animal was then placed under the microscope with constant perfusion of AFW bubbled with carbogen (95% O2 and 5%CO2). First spontaneous activity was measured for 30min. Afterwards, 5 repetitions of sensory stimuli (red light flash or food odour) were applied. The food odour stimulus was prepared by adding 1g of standard dried fish food (Zebrafeed, Sparos, <100), in 50ml of AFW, dissolved for 1hr and filtered with a 22µm filter. This was then further diluted 1:50 in AFW. The odour stimulus was delivered for 5sec through a tube positioned in the front of the fish, connected to an Arduino Due-controlled HPLC injection valve (Valco Instruments). Fluorescein (10-4M) was dissolved in AFW and used to measure precise onset of odour delivery to the nose at the end of each experiment. For the light stimulus we used a red LED (LZ1-00R105, LedEngin; 625 nm wavelength) and placed in the front of the recording chamber near the tube. The light stimulus was a square-wave flash of 2s duration with an intensity of 450mW. The recordings were performed with a two-photon microscope (Scientifica) using a 16x water immersion objective (Nikon, NA 0.8, LWD 3.6,plan). A mode-locked Ti:Sapphire laser (MaiTai Spectra-Physics) tuned to 920nm was used for excitation. Volumetric recordings (8 planes with Piezo) were obtained at an acquisition rate of 31.9Hz for a volume of 1536x512 pixels x 8 planes. Total duration of the recordings was 45-60min.
In vivo birthdating of neurons
Prior to injections, 2.5dpf larvae were dechorionated manually and anaesthetized in 0.01% MS-222 in AFW for 5-10min. Injections were done on larvae embedded in 1% low-melting point agarose in AFW and 0.01% MS-222 in AFW. The stock solution contained 5mM CellTrace Far Red(Thermofisher) dissolved in DMSO provided with the proliferation kit . The injection mixtures contained 0.5µl of this CellTrace Far Red/DMSO stock solution dissolved in 2.5µl of artificial cerebrospinal fluid (aCSF) with a final concentration of 1mM. The aCSF contained the following: 124 mM NaCl, 22 mM D-(+)-Glucose, 2.0 mM KCl, 1.6 mM MgSO4 • 7 H2O, 1.3 mM KH2PO4, 24 mM NaHCO3, 2.0 mM CaCl2 • 2 H2O. The injection needles were pulled with a Sutter Instrument Co. Model P-2000, from thin-walled borosilicate capillaries (1.00 mm; VWR), with the following settings: heat = 785, filament = 4, velocity = 40, delay = 220, pull = 70. The needle tip was cut open with forceps afterwards and a pressure injector (Eppendorf Femtojet 4i) was used to inject 1 nL of solution in the telencephalic ventricle near habenula (Olstad et al., 2019) . The pressure and time used for the injection were calibrated for each needle using a 0.01 mm calibration slide for microscopy. Usually, the pressure ranged between 100-150 hPa and the time span of the pressure pulse lasted for 0.30 -0.70 s. After injection, fish were released from agarose and recovered at 28°C AFW and transferred to the fish facility. From 19-25dpf fish were prepared for imaging as previously described for calcium imaging. Imaging was performed using a Zeiss Examiner Z1 confocal microscope with a 20x water-immersion objective (Zeiss, NA 1.0, Plan-Apochromat) at room temperature and constant perfusion of AFW bubbled with carbogen (95% O2 and 5% CO2). In vivo calcium recordings of the spontaneous activity in habenula were acquired at an acquisition rate of 1.918Hz for 512x1024pixels during 5min.
Data Analysis
Two-photon microscopy images were aligned using an adapted algorithm (Reiten et al., 2017) that corrects for occasional drift in the XY dimension, based on "hierarchical model-based motion estimation (Bergen et al., 1992) . Every recording was manually checked for motion and corresponding frames were discarded from further analysis. Individual neurons were semi-automatically detected using a pattern recognition as previously described (Jetti et al., 2014; Reiten et al., 2017; Verdugo et al., 2019) . Once neurons were detected, their locations were individually tracked during the recording. If any z-motion drift or if some detected neurons were no longer visible those neurons were discarded from the further analysis. The pixels belonging to each neuron were then averaged providing the complete time course of each individual neuron over time. Same cell-detection algorithms were used for the confocal recordings in Figure 6 . To distinguish between developmentally tagged and untagged neurons, we manually identified the red cells. To normalize the spontaneous activity for each cell to its baseline fluorescence, we calculated the fractional change in fluorescence (ΔF/F) relative to the baseline, which was calculated as the 8th percentile of activity observed within 2min time window as preciously described (Romano et al., 2017) . Clustering of neurons was performed as previously reported based on the k-means clustering algorithm in MATLAB as well as the calculation of cluster fidelity and cluster selectivity for sensory and tagged cells (Jetti et al., 2014) . Prior to event detection, traces from neurons in the two-photon recordings were resampled to a final rate of 2 Hz (using decimate function in MATLAB), to match the sampling rate with confocal experiments. Significant calcium events were detected using an algorithm (Romano et al., 2017 ) that detects calcium events significantly different from noise level within a 95% confidence interval. A cell was considered active if at least one event was detected in 4min of ongoing activity. The amplitude of events was defined as the maximum peak in the event. The average activity per cell was defined as the sum of the area under the curve (using trapezoidal numerical integration method : function 'trapz' in MATLAB) for all events within one neuron. The fractional change in fluorescence (ΔF/F) for the odour and light stimulus was calculated by subtracting the average baseline fluorescence before stimulus onset (5sec) from the responsive window (10 sec for odour and 2sec for light from the onset of the stimulus). Cells were classified as responding if at least 4 out of 5 trials showed the same sign difference (+/-) locked to the stimulus onset. Only the positively responding neurons were taken into account for further analysis. The focality index was calculated as 1 minus the average of the Euclidean distances between the top 10% neurons (with highest frequencies or durations) divided by the average of the Euclidean distances of all neurons within each hemisphere. The average focality index per fish was calculated by taking the average over the two hemispheres. Same focality index was calculated for the sensory-responding cells. Cluster fidelity was calculated by measuring the probability of pairs of neurons being in the same cluster during two different time periods (Jetti et al., 2014) . As a control, we shuffled the cluster identity of neurons randomly. To calculate cluster selectivity, we first calculated the cluster identity of each neuron using k-means clustering of spontaneous neural activity (Jetti et al., 2014) . Later we identified neurons with a given property, in this case either sensory responding neurons ( Figure 4G ), of developmentally tagged neurons ( Figure 6L ) and measured the sparseness in the distribution of identified neurons into clusters (Jetti et al., 2014) . If sparseness is 1 all identified neurons are selectively member of a single cluster, if sparseness is 0 all identified neurons are equally distributed into all functional clusters identified by k-means clustering. In the confocal microscopy functional imaging, results for frequency, durations, number of active neurons, average activity and pairwise correlations, were averaged over the planes imaged in each fish, as these recordings were done at different timepoints. The lateralization index was calculated as the difference between the percentage of responding neurons in left and right hemispheres.
Quantification and Statistical Analysis
Statistical analysis was done using MATLAB and p-values are indicated in the figure legends (*p<0.05, **p<0.01, ***p<0.001). Student t-test was used for paired data and unpaired t-test when data was obtained from two independent datasets. For the data that displayed no Gaussian distribution, we used Wilcoxon signed rank test for paired data and Wilcoxon ranksum test for unpaired data.
Data and software availability
All analysis was performed with Fiji and MATLAB as indicated in the results section. All custom MATLAB scripts are available upon request.
